Optoacoustic imaging Colon cancer models Tumor vessel development A B S T R A C T Raster-scan optoacoustic angiography at 532 nm wavelength with 50 μm lateral resolution at 2 mm diagnostic depth was used for quantitative characterization of neoangiogenesis in colon cancer models. Two tumor models of human colon adenocarcinoma (HT-29) and murine colon carcinoma (CT26) different in their histology and vascularization were compared. Tumors of both origins showed an inhomogeneous distribution of areas with high and low vascularization. Rapidly growing CT26 tumor demonstrated a higher rate of vessel growth from the periphery to the center. Peculiarities of the vascularity of tumor models revealed by optoacoustic imaging were confirmed by fluorescent microscopy with FITC-dextran and morphological analysis. The obtained results may be important for the investigation of tumor development and for improvement of colon cancer treatment strategies.
Introduction
Neoangiogenesis is one of the most important factors of cancer progression and metastases formation. Rapidly growing tumor mass with rising requirements in oxygen and nutrients stimulates vascular growth by producing various angiogenic factors [1] . With the growth of newly vascularized areas of the tumor, cancer cells cease to receive enough oxygen from the blood flow and form hypoxic regions. Hypoxia stimulates angiogenesis, that leads to further tumor growth, which in turn requires formation of new blood vessels. The angiogenic trigger thus remains switched on and new vessels continue to grow, increasing the blood supply and heterogeneity of the tumor. Continuous releasing of angiogenic factors limits the possibility of adequate development of mature vessels [2] , leading to structural and physiological vascular abnormalities. Tortuosity, intricate loops, arteriovenous shunts, absence of well-defined systematization are the main features of tumor vessels that disrupt blood flow. A non-integral or damaged endothelial layer and a discontinuous basal membrane promote the increased vascular permeability, which dramatically increases the tumor interstitial pressure [3, 4] . All these factors determine a hypoxic microenvironment, limitations of drug delivery to tumor cells and loss of sensitivity to treatment.
Degrees of vascularity vary in different types of malignant tumors as well as within one type of tumor. For tumors of some localizations, microvessel density was suggested to be a significant prognostic indicator [5] . Characteristic features of angiogenesis intensity and vessel maturation have been established for a series of neoplasms [6] , a positive correlation between the expression of angiogenic factors and prognosis has been described [7] . There is an assumption that the effectiveness of therapy, at least of antiangiogenic therapy, is determined by the peculiarities of tumor vascularization [6] . Colon cancer is the most common gastrointestinal tumor. For most patients with metastatic colon cancer, palliative chemotherapy is the only present option; therefore, improved outcomes through new therapeutic strategies are desperately needed. Colon cancer is shown to be among the most angiogenic types of tumors [6] . Increased vascularity in this type of tumor in comparison with adenomas and normal tissues as well as with low-grade and high-grade dysplasia has been demonstrated in clinical studies [8, 9] . It also had been shown that distant metastases formation is in good correlation with microvessel density [10] . Angiogenic factors that regulate the angiogenesis in human and murine colorectal tumors are identified and correlation of their expression level with prognosis has been proven [11] .
It is reasonable to assume that the choice of treatment conditions, especially in the cases of anti-angiogenic and anti-vascular therapy, should be carried out individually for each tumor type or even for each tumor. The involvement of new angiographic approaches in clinical practice will enable selection of tumors for particular types of treatment, thereby facilitating individualization of therapy. Moreover, understanding the features of the circulatory bed of malignant neoplasms may contribute to the development of new diagnostic approaches, as well as the procedures of assessment of tumor response to treatment.
Currently the gold standard of diagnostics of tumor vascularization is immunohistochemical counting of microvascular density ex vivo using specific endothelial markers [5] . Immunohistochemical analysis makes it possible to study the vascular pattern of a certain number of tissue samples, but it is limited in assessment of distribution of highly and low vascularized areas within the entire tumor volume, which is commonly uneven. In addition, as with any morphological approach, this method is unsuitable for monitoring studies. That is why a number of methods for non-invasive in vivo determination of particular morphological and functional parameters of the tumor vascular bed are being developed and tested in experimental and clinical oncology. The most progressive methods [12] [13] [14] , such as computed tomographic angiography, magnetic resonance imaging and positron emission tomography require the injection of contrast agents or utilization of ionizing radiation. Safe and cost-effective methods of Doppler ultrasonography suffer from low contrast. Optical methods of optical coherence tomography angiography (OCTA) and fluorescence microscopic [12] [13] [14] and macroscopic [15] imaging are being actively developed. Nevertheless, OCTA and fluorescence microscopy are limited by diagnostic depth, and fluorescence macroscopic techniques are limited by spatial resolution [16] . While OCTA is label-free, it suffers from motion artifacts [17] .
Hybrid methods of optoacoustic (OA) imaging [18, 19] enable labelfree angiography with optical contrast at optical penetration depths with ultrasonic resolution. Optoacoustic imaging is based on wideband registration of ultrasonic waves generated due to the absorption of pulsed laser radiation by optical chromophores. High OA contrast of the blood vessels is provided by high optical absorption of hemoglobin in red blood cells. Also various contrast agents can be used to enhance the visibility of internal structures [20, 21] or in combination with treatment, to realize the theranostic approach [22] [23] [24] . Current promising applications of OA angiography include superficial tumor diagnostics in clinical oncology [25] [26] [27] and studies of tumor vascular pattern during growth and after the treatment of preclinical tumor models in experimental oncology [20, 22, [28] [29] [30] [31] [32] .
Imaging of tumor vasculature has been done previously by different optoacoustic techniques. While optical-resolution photoacoustic microscopy [33] allowed an improved spatial resolution and limited diagnostic depth, tomographic approaches [20, 34] allowed an improved diagnostic depth and limited spatial resolution.
Our system for raster-scan optoacoustic angiography [35] is based on dark-field optical illumination [28] and wide bandwidth ultrasonic detection [36] allowing to visualize individual blood vessels at up to 2.1 mm depths. The suggested approach [35] was used in this work for the first time for monitoring of tumor growth and quantitative characterization of tumor vascularity. We investigated the dynamics of blood vessel growth in experimental colon tumors. Two tumor models of human colon adenocarcinoma (HT-29) and murine colon carcinoma (CT26) were compared. These two models differ in their histology and vascularization and often used to test new antitumor therapies.
Materials and methods

Animals and tumor models
The experiments were carried out on 8-week-old female Nu/nu mice weighing 20-25 g. The animals were obtained from the "Pushchino" Nursery for laboratory animals (Moscow, Russia). The study was performed on two experimental colon cancer models: human adenocarcinoma HT-29 (ATCC No HTB-38) and murine carcinoma CT26 (ATCC No CRL-2638). Cells were injected intradermally into the outer side of both thighs (two tumor nodes per mouse) by standard protocol: HT-29 2 × 10 6 cells per 100 μl of PBS and CT26 2 × 10 5 cells per 100 μl PBS.
The total number of tumors were 4 for HT-29 and 6 for CT26. All experiments were performed in accordance with the European Convention for the Protection of Vertebrate Animals used for Experimental and Other Scientific Purposes (ETS 123) and The Guide for the Care and Use of Laboratory Animals, 8th edition (NRC 2011, National Academic Press).
OA imaging system and data processing
Raster-scan optoacoustic angiography was performed using the previously developed system [35, 37] . A lateral/axial OA resolution of 50 μm/35 μm was provided by a focal spot of 35 MHz polyvinylidene fluoride detector with a 30 MHz bandwidth, F = 6.8 mm focal distance, and 0.6 numerical aperture. The sensitivity of our system allowed to visualize 50 μm blood vessels at up to 2.1 mm depth. Minimally detected diameter of blood vessel located at the surface of a soft tissue was 15 μm. However, if the size of blood vessel was less than 50 μm (system resolution), it was visualized as 50 μm blood vessel.
The scanning OA head was mounted on two computer-driven M-664 stages performing fixed lateral steps (δx = δy = 25 μm) within lateral scanning areas (ΔX=ΔY = 7.5 mm) corresponding to the expected tumor size on the 13 th day of growth. Computer-driven M-664 stages were mounted to a manual Z stage, which was used to provide OA focus at Z = 1 mm depth from the tissue surface. The low-jitter input of the laser Wedge HB 532 (BrightSolutions, Italy) was triggered by the scanning stages and provided optical pulses at a wavelength of 532 nm (isosbestic point for hemoglobin) with 1.4 ns duration and 1 mJ energy. The average radiant exposure at the tumor surface was 5 mJ/cm 2 complying with the ANSI Z136.1 standard for laser safety. OA A-scans corresponding to discrete XY positions of the scanning head were recorded by the first channel of two-channel 16-bit analog-to-digital converter (ADC) CSE1622 (Gage, USA) with 200 MS/s corresponding to Δz ∼ 7.6 μm spatial sampling period in axial direction. The second channel of CSE1622 was used to collect the beam-sampling signal from a photodiode Det10a (Thorlabs, USA) equipped with a custom-made built-in integration circuit expanding the effective pulse duration to ∼50 ns for better compatibility with the 200MS/s acquisition rate of the ADC. After the acquisition of OA data, two post-acquisition algorithms were used to improve the resulting OA angiography images. At first, an acoustic reconstruction algorithm [38] was consequently applied to all XZ and YZ B-scans. After the reconstruction, XYZ OA data was reduced for every tumor according to the lateral (XY) size of each tumor on the 13 th day and Z = 2.1 mm depth range (Z = 0 mm corresponded to the animal surface closest to the detector). Then, reconstructed XYZ OA data sets were processed by the Frangi filter [39] enhancing the contrast of vessel-like structures against ball-like or plate-like structures in 3D volume. For 2D representation of the vasculature, maximum intensity projections (MIP) to XY plane with color-encoded depth were calculated using the resulting 3D data sets. For quantitative characterization of the vasculature, grayscale MIP angiograms were used. Obtained 2D angiographic images were then binarized using Fiji plug-in for ImageJ (NIH, USA) and the values of vascular density (percent of relationship between the square of vessels and the common tumor square) were calculated. The tumor zone was selected at the outer boundary of the peripheral small vessel area. Values for normal tissues were obtained at the beginning of the monitoring (5 th day of tumor growth), when the tumor thickness did not exceed diagnostic depth (2.1 mm).
Animal study protocol
OA imaging was performed every 1-2 days for 9 days starting from A. Orlova et al.
Photoacoustics 13 (2019) [25] [26] [27] [28] [29] [30] [31] [32] the 5 th day after tumor inoculation. For OA study, the animals were anesthetized with Zoletil 100 (Virbac, France) and Rometar 2% (Bioveta, Czech Republic) injected intramuscularly, fixed on a support plate in a side position, the center of the tumor was aligned with the center of the scanning area. Before each scanning, the tumor size was measured with a caliper in two mutually perpendicular directions. The tumor volumes were calculated by the formula a × b×b/2, where a is the measured length and b is the width of the tumor.
Fluorescent microscopy with FITC
On the 13 th day of tumor growth OA data were verified by fluorescent microscopy (stereomicroscope Axio Zoom.V16, Zeiss, Germany) using Fluorescein isothiocyanate (FITC) conjugated with dextran 2MD (Sigma, USA). The ratio of FITC:glucose was 1:160. FITC was injected intravenously in the dose of 50 mg/kg of body weight. For excitation of fluorescence and emission detection, the following set of filters was used: excitation 470/40 nm, dichroic mirror 495 nm, emission 520/ 50 nm. The images were obtained within 10 min after FITC injection.
Morphological study
Verification of CT26 and HT-29 vascularization was carried out by histological examination on 13 th day after tumor cells transplantation.
The excised tumors were embedded in paraffin. Several cross sections (n = 3-5) were made from the tumor center. Histological preparations were stained with hematoxylin and eosin. Sections of 7 μm thickness were examined with light microscopy using Leica DM1000 system. Histopathology examination included evaluation of the percentage of tumor vessels in both tumor models.
Statistical analysis
For tumor volumes and vascular densities, the average values and standard deviation were calculated. The t-test for dependent samples was performed to determine the statistical significance of the difference between the values obtained at different time points from the baseline. The t-test for independent samples was employed for values obtained from two different tumor models. The threshold of statistical significance was taken at p < 0.05. and CT26-bearing Nude mice. Tumor growth was accompanied by the increase of their vascularity. At the beginning of monitoring, the bloodstream had already begun its formation and the vascular density in both tumor models was no less than 20% (Fig. 3b) . From the 5 th to the 7 th day of tumor development, a gradual slow increase in the density of the vessels was demonstrated for the HT-29 model (upper row Fig. 1, Fig. 3b ), statistically significant changes compared to the baseline (p < 0.05) occurred from day 7. At the same time the vascular density of CT26 model was not changing (lower row Fig. 1, Fig. 3b) . As a result, on the 7 th day of growth, a significant difference in the density of the vessels between HT-29 and CT26 occurred (p < 0.05). From the 9 th day of tumor growth, the development of vessels in CT26 nodes began to accelerate, reaching statistically significant differences with the baseline on day 13. Tumors HT-29, on the contrary, demonstrated inhibition of vascular growth. On the 13 th day of growth the vascular density of CT26 became higher than for HT-29. During the whole monitoring period, the vascular density of the HT-29 model increased by 1.6 times and of the CT26 model by 2.2 times. The average vascular density value of normal tissue (skin and muscle) surrounding the experimental tumor on the 1 st day of monitoring was calculated to be 40 ± 10%. Fig. 4 shows the results of comparison of OA angiography with fluorescence microscopy on the 13 th day of HT-29 and CT26 tumor
Results
growth. Both methods demonstrate thin, heterogeneously distributed blood vessels for HT-29. In contrast, for CT26 the fluorescence microscopy demonstrates larger FITC-stained zones, which also confirms the higher vascularity of CT26 tumor model revealed by OA angiography. According to histological analysis (Fig. 5 ) murine colon carcinoma CT26 was represented by 98% of tumor parenchyma and only 1-2% of stroma. The tumor tissue had a dense structure and consisted of polymorphic cells with a diameter varying between 10 and 20 μm and round or oval nuclei. The slightly basophilic cytoplasm formed a thin ring around the nucleus. The blood vessels were presented by a dense network of tumor vessel sinusoids (neovasculature) with a diameter of approximately 10-15 μm; tumor capillaries and arterioles (up to 50-70 μm) were also found in CT26 histological slides (Fig. 5a ). In contrast, human colon adenocarcinoma HT-29 was characterized by a larger percentage of tumor stroma (up to 5%). A small number of tumor sinusoids with an average diameter of 17 μm were observed in the HT-29 (Fig. 5b) . Tumor capillaries or other vessels were not found.
Discussion
Development of novel approaches to study neoangiogenesis is essential for a better understanding of the mechanisms of their growth and for the progression of methods of specific blood vessel-targeted therapy control. We used 3D label-free OA angiography to study the dynamics of experimental models of colon cancer vascularization in the course of their natural growth. We obtained data on vascular shape, amount and density, as well as the spatial distribution of zones with different vascularization. The maximum diameter of blood vessels observed at OA angiograms did not exceed 100 μm.
With the use of two methods of vessel visualization, OA angiography and fluorescent microscopy (Fig. 4) , similar data on the shape, size, and location of the vessels in the tumors were obtained. As opposed to optoacoustic microscope, fluorescent microscope did not allow to differentiate axial position of the blood vessels and provided at least 2-fold smaller imaging depth. Nevertheless, proper comparison of shape and lateral position of superficially located blood vessels could be performed by fluorescent and optoacoustic microscopy.
Both the HT-29 and CT26 tumor models were characterized as zones with small, tortuous, randomly distributed blood vessels as compared to normal surrounding tissues (Fig. 1) . At the beginning of monitoring the density of the vessels in the tumor was two times lower than in the surrounding tissue, reflecting the insufficient development of tumor vasculature in the early stages of growth. By the end of the experiment, the values of neoplastic and surrounding normal tissues became similar. OA angiography enabled differentiation between tumor and normal tissues based on vascular patterns and vascular densities.
Tumors of both origins showed an uneven distribution of areas with high and low vascularization, with a gradual decrease in vascular density from the periphery to the center. As the tumor grew, the vessels had progressively sprouted toward the center of the node. The observed type of vascular development is typical for the early stages of tumor growth [42] , and a similar vascular pattern is demonstrated in various tumor models using different imaging techniques [33, [43] [44] [45] . Another common feature of the investigated models is the heterogeneity of the vascular distribution from tumor to tumor within the group, which demonstrated by large standard deviations. In addition, for both models, the uneven vascular growth rate was shown during neoplasm development. There were stages of vessel growth deceleration; on some days of monitoring (7 th , 9 th days), due to faster growth of the tumor parenchyma the overall density of the vessels became smaller than on the previous day. Vascularization rate fluctuations were also noted for the CT26 tumor [44] . OA images revealed that the growth of blood vessels was slower than the growth of the tumor mass. At the same time, the largest area of avascular areas was observed on the days of tumor growth stimulation (9 th -13 th days for HT-29 and 7 th -9 th days for CT26). Differences in the vascularization of the HT-29 and CT26 tumor models were manifested in the dynamics of their growth (Fig. 3b) : in spite of the fact that the vascular density of HT-29 exceeded that of HT26 at the beginning of the experiment, CT26 showed a higher rate of vessel growth during the monitoring period and by the end of the experiment non-vascularized areas in this tumor were not observed. It can be assumed that the rapidly growing CT26 tumor (Fig. 3a) has greater requirements for oxygen and nutrients, intensive production of angiogenic factors, and, accordingly, a more active formation of blood vessels.
Fluorescence microscopy also demonstrated the higher vascularity of murine CT26 than human HT-29. Histological analysis revealed that the HT-29 model was poorly vascularized, demonstrating sinusoids of smaller diameter with slower perfusion. In contrast, CT26 had a rather developed microvascular network, and some large vessels were detected.
Data on the vascularity of HT-29 and CT26 had already been demonstrated using different in vivo and ex vivo methods. In the study [46] , murine colon carcinoma CT26 was observed as well-vascularized by optical coherence angiography and fluorescent microscopy. In the study [47] CT26 was reported to be an optimal model for vasculartargeted photodynamic therapy because of its high vascular density detected by optical coherence angiography. The paper [48] was devoted to fluorescence assessment of HT-29 vascularization using AlexaFluor 750 conjugated with Bevacizumab. The study detected the VEGF expression in HT-29 colorectal cancer xenografts, signifying it as a potential agent for non-invasive imaging of VEGF expression. Also the strong staining by the anti-CD31 antibody was noted around the blood vessels, indicating a well-developed blood vessel network in HT-29. Burmakin et al [49] performed vascular analysis of HT-29 and CT26 tumor models by immunohistochemistry and showed that CT26 differed from HT-29 by higher vascularity.
It should be noted, that differences in size and position of the blood vessels could produce discrepancies in vascular density assessment. Although our OA system allowed to sense the blood vessels with diameter less than system resolution (50 μm), blood vessels of the smallest detectable size (15 μm) provided the same contribution to the vascular density as 50 μm ones. Therefore, our calculations of vascular density were more related to the number of vessels in the selected region, while rather insensitive to the vessel cross-section.
Although the sensitivity of our OA system allowed to detect 50 μm blood vessels through 0-2.1 mm depth range, due to the non-uniform distribution of optical fluence (challenged by curved surfaces of subcutaneous tumors) the maximum detectable depth of smaller vessels depended on the vessel's diameter. Small deeply located vessels producing too low optoacoustic signal could not contribute to MIP angiographic image and therefore shifted the vascular density to the lower value. Shifting of the vascular density to the lower value was also due to the limited numerical aperture of ultrasonic detector (as compared to full-view NA = 1 detector used in [50] ), which did not allow to image vertical blood vessels (Fig. 2, supplementary videos S1, S2) .
OA angiography enables visualization of the distribution of all hemoglobin-containing structures, but not their type and origin. Some tumors may be vascularized by angiogenesis or by using the pre-existing organ vasculature or by vascular mimicry [6] . For colon cancer, A. Orlova et al.
Photoacoustics 13 (2019) [25] [26] [27] [28] [29] [30] [31] [32] different types of blood vessels have been demonstrated [51, 52] . Moreover, since 2.1 mm imaging depth was fixed for every tumor the projections of vasculature corresponding to normal tissue (skin and mussels) could increase the effective vascular density of smaller tumors at earlier stages of development. Nevertheless, OA angiography enabled differentiation between tumor or normal tissues, as well as capturing vessel distribution at different stages of tumor development. Such data may be significant for understanding the biological nature of the tumor microenvironment and for the improvement of cancer treatments.
Conclusions
We observed the dynamics of vascularization of two models of colon cancer using label-free raster-scan optoacoustic angiography. An increase in vascular density accompanying the tumor development was shown and the differences in vessel growth dynamics of two tumor models was demonstrated. Data on tumor vascularity obtained by OA were confirmed by the microscopy with fluorescent tracer FITC-dextran in vivo and by morphological study ex vivo. We demonstrated the possibilities of raster-scan angiography for the monitoring of neoangiogenesis and the quantitative comparison of vascularization between different tumor models. The developed approach is promising for assessment of the response of the tumor vascular system to different types of treatment. 
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